Adoption of coal fly ash (Class C) as the main source material for geopolymers would cause rapid setting to the fresh geopolymer mortar or concrete. This behaviour explained the limited application of this material in the construction industry. On the other hand, calcium nitrate (Ca(NO3)2) and dipotassium hydrogen phosphate (K2HPO4) are alternative admixtures that known to extend the setting time of fresh geopolymers. However, their effect on the strength and microstructural properties remain unclear due to the limitation of relevant literature from previous studies. Therefore, this study aims to investigate the effect of these admixtures in fly ash based geopolymer system, particularly to its strength performance. The effects of adding Ca(NO3)2 and K2HPO4 were evaluated at dosages of 0.5%, 1.5%, and 2.5% (by fly ash weight) in the geopolymer mixture, and samples were cured at room temperature. Hardened geopolymer specimens were measured for their compressive strength, porosity, and microstructural characteristic. The inclusion of 0.5% of alternative chemical reagents was found as the optimum proportion and able to enhance the compressive strength of the geopolymer mixtures. However, efflorescence was detected on the surface of the hardened specimen when K2HPO4 was included in its mixture. This phenomenon is influenced by the presence of monovalent and trivalent anions in the system namely nitrates and phosphates. In this study, each anion had a particular role in each stage of geopolymerisation, and determined the quality via crystal growth control and influenced the development of aluminosilicate structures.
Introduction
Geopolymer is an alternative binding material synthesised by mixing alumina-silica-rich source materials with alkali solutions [1, 2] . A proper example of an alumina-silica rich material with sufficient reactivity is coal fly ash, which has been widely utilised as a supplementary cementitious material owing to its pozzolanic reactivity [3] . Coal fly ash is generally synthesised with alkali solutions, such as sodium hydroxide with sodium silicate or potassium hydroxide with potassium silicate [4] . However, the utilisation of class F coal fly ash in a geopolymer framework would decrease the compressive strength. Slag and calcium hydroxide were added as catalysts to boost their structural framework development, particularly during their initial maturation and low-temperature curing [5] .
Recently, many researchers have focused on the utilisation of high-calcium coal fly ash as a vital aluminosilicate source material due to its higher compressive strength performance in geopolymer systems [6, 7] . Nevertheless, a high amount of Ca 2+ in geopolymers may accelerate the solidification rate and produce output with low workability. Van Deventer et al. (2007) stated that an excessive amount of Ca 2+ in a geopolymer framework can create a substantial number of nucleation foci in pastes, hence intensifying its hardening rate [8] . The high solidification rate of a geopolymer can accelerate the setting time and result in lower workability. Rahman et al have studied the use of dipotassium hydrogen phosphate to extend the setting time of geopolymer [9] . K2HPO4 was able to extend the initial setting time up to 20 minutes longer, while the final setting time was extended up to 160 minutes longer. Despite the longer setting time, its effect on the mechanical strength of hardened geopolymer is yet to be understood. Therefore this research purposed to investigate the role of K2HPO4 in the structural development of geopolymer framework. Evaluation of the compressive strength, porosity and microstructural properties will provide additional information on the role of this additive in geopolymer system.
Experimental Investigations
Preparation of specimens. Class C coal fly ash was used as the primary aluminosilicate source material, and was initiated with a 6 M NaOH and Na2SiO3 solution. Coal fly ash was gathered from the Manjung Coal Fired Power Plant, comprising the primary species SiO2 (36.37%), Al2O3 (17.57%), Fe2O3 (12.43%), CaO (10.58%), and LOI (1.19%), as listed in Table 1 . Ca(NO3)2 and K2HPO4 were incorporated at 0.5%, 1.5%, and 2.5% (by fly ash weight) as alternative chemical admixtures. Details of the mixture proportions used are tabulated in Table 2 . The additives were assessed by observing their effect on hardened specimens, particularly on its compressive strength, porosity, and microstructural characteristic. The preparation of the geopolymer specimens in this study adopted a conventional mixing method comprising dry and wet mixing processes. First, dry mixing was started by stirring the fly ash for 30 s in a mortar mixer to properly disperse its particles. Na2SiO3 and NaOH solutions were incorporated into the mixture, and wet-mixed for 1 min. The admixture was subsequently added to the wet mixture and the mixing process continued for one minute. After the process was complete, the compound was mixed manually to ensure homogeneity. For the strength, porosity, and microstructural tests, fresh geopolymer paste was cast into a 50 mm cubic mould and kept at room temperature (28±2 °C) for 24 h. Subsequently, solidified specimens were demoulded and cured at room temperature until testing. Testing of specimens. Investigation of the physical and structural characteristics of materials required the use of several techniques. To ascertain the quantitative chemical composition of the fly ash, X-ray fluorescence (XRF) was used. The fly ash particle size distribution was determined using a Malvern Mastersizer.
Compressive strength was tested according to ASTM C109/C (2013) on a 50 mm cube. Hardened specimens were analysed after 1, 7, and 28 d of curing, while immersion compliant to ASTM C 642 (2013) was utilised to gauge the volume of porous voids (%) in the hardened geopolymer paste [10] .
To provide additional support for the strength analysis, microstructural observations were performed on the 28 d specimen using a Hitachi S3400 scanning electron microscope (SEM).
Results and Discussion
The analysis of the properties of the fresh and hardened geopolymer materials as determined by a series of tests provides substantial quantitative and qualitative information as to the role of each anion during geopolymerisation. Compressive strength. Figure 1 illustrates the development of the compressive strength of geopolymers including Ca(NO3)2 and K2HPO4. The compressive strength of the control specimen on day 28 was 35.42 MPa. The inclusion of Ca(NO3)2 did not improve the compressive strength, but rather decreased it up to 38% upon the inclusion of Ca(NO3)2 into the mixture. On the contrary, the addition of 0.5% K2HPO4 resulted in a slightly higher compressive strength than the control specimen on day 28, with a strength of 36.87 MPa. Nevertheless, this positive effect did not continue as the amount of K2HPO4 in the system increased, and strength gradually decreased. Strength reductions of 25% and 43% were obtained when the amount of K2HPO4 was increased to 1.5% and 2.5% (by weight of fly ash), respectively.
Another phenomenon was efflorescence on the specimen. The abundant spread of efflorescence intensified with a higher K2HPO4 amount and led to a popping of the geopolymer matrix. Spalling and disintegration occurred after day 28 and made the K2HPO4-based specimen unavailable for further compressive strength measurements. Analysis of the low-strength performance of the specimens points out the influence of anions in the system, particularly in the escalation of the content of the admixture. Higher anion concentrations during geopolymerisation can impede the interactions between aluminates, silicates, and alkalis [11] . As the concentration of geopolymeric precursors (Ca, Si, and Al) decreases, the production of aluminosilicate gels decreases as well, resulting in lower compressive strengths. Deficient activation energies during ambient curing can also reduce the dissolution of Si from fly ash and prevent the formation of strong structural frameworks.
The presence of efflorescence in the specimen based on K2HPO4 is believed to have been caused by an undeveloped microstructure, a weak binding of the geopolymer framework, the chemical composition of the fly ash used, and a high concentration of the alkali activator [7, 12] . K2HPO4 reduced the geopolymerisation rate, and in turn generated an excess in alkali content, e.g., an excess of unreacted sodium. These alkali cations in the pore solution reacted with atmospheric CO2 and led to the formation of a white carbonation product on the surface of the specimen [13] . A high alkali concentration can also create numerous unconsolidated voids in the geopolymer that facilitates efflorescence formation. Porosity. Figure 2 demonstrates the connection between the porosity and compressive strength of geopolymer mortars containing Ca(NO3)2 and K2HPO4, with the samples containing Ca(NO3)2 trending opposite from that of a conventional mortar. This relationship developed within 28 d of curing, since the efflorescence in the K2HPO4 specimen had significantly diminished the integrity of its mortar specimen. Hydration energy introduced by anions in geopolymers affected the dissolution of raw materials and gel solidification. With the higher hydration energy of an anion, the geopolymer transformation rate can increase, and a higher dissolution pace can produce a more porous structure than a polycondensation. Due to the increased geopolymerisation rate here, the development of compressive strength was sustained. However, a higher concentration of anions may impede the interactions between alkalis, silicates, and aluminates and reduce the quality and production of geopolymer gels [14] . Anion dispersal can also affect pore size distribution of the geopolymer framework, as it would be involved in the formation of crosslinked networks and microstructural development.
The existence of excessive pore development in the geopolymer structure is considered to be detrimental and leads to efflorescence. Efflorescence easily disperses from the capillaries of porous structures in geopolymer specimens, reducing their compressive strength, and spalls the structure of hardened specimens. Microstructure analysis. Geopolymer frameworks can be categorised into two types, silicon-aluminium (Si-Al), with a medium-to-high alkali solution, and silica-calcium (Si-Ca) with a mild alkali solution [15, 16] . Class F fly ash and metakaolin are among the examples of source material for Si-Al restricting frameworks because of their high silica and alumina content. Ground or granulated blast furnace slags are typically utilised as the source material for Si-Ca systems because of their high silica and calcium content. Normally, the reaction products of these two frameworks are calcium silicate hydrate (CSH), in the Si-Ca framework, and zeolite in the Si-Al framework. The morphological changes caused by the addition of 0.5% Ca(NO3)2 and K2HPO4 were scrutinised after 1 and 90 d of curing, as presented in Figures 3 (a)-(f) . Most of the fly ash has fully reacted with the alkali activator leaving only a trace, yet some partially reacted and unreacted fly ash particles are also shown. Figures 3(a) and (b) demonstrate the morphological changes in the control specimens after the 1 st and 90 th days of curing. Crack widths diminished and unreacted fly ash particles remained in the geopolymer framework as the curing period was extended. Homogeneous aluminosilicate matrices were embedded within the fly ash particles and minimised crack occurrence, which then contributed to the continuous development of the compressive strength of the control specimen. However, cracks in this geopolymer matrix were also detected. Rapid water evaporation during the curing and maturing process is believed to be the main contributor to this shrinkage and crack formation [17] . Key Engineering Materials IX dissolution and polycondensation rates disrupt the development of geopolymer gels and contribute to the formation of porous structure, hence forming a low-strength geopolymer binder [18] . Figures 3(e ) and (f) display the morphology of the geopolymer microstructure after including K2HPO4 in the geopolymer system. After the 1 st day of curing, embedded pockets of triangular crystalline growth were detected in the matrix, yet numerous shrinkage cracks were still detected in this specimen. The magnetic formation of dendritic structures on the surface of the fly ash was scrutinised on the 90 d specimen. This dendritic structure was influenced by iron oxides formed during the oxidation that transformed Fe 2+ to Fe 3+ . Nevertheless, this structure increased glass concentration and blocked other elements, such as Si, Al, K, Na, and P from entering the spinel structure, thereby affecting the quality of the geopolymer structure ultimately produced [19] . The inclusion of K2HPO4 also led to efflorescence as shown in Figures 4 (a) and (b). Efflorescence mainly occurred due to the low reactivity and weak binding in the geopolymer matrix [20] . Excess sodium cations from the low reaction process can enrich the surface and pores of the specimen with alkali cations. White bloom (sodium carbonate) on the surface of the geopolymer also occurred when sodium reacted with ambient CO2.
Conclusions
In this study, nitrate and phosphate anions from Ca(NO3)2 and K2HPO4 positively affected geopolymer properties, and were particularly key in modifying their rheologies. The optimum inclusion of Ca(NO3)2 and K2HPO4 at 0.5% (by fly ash weight) each extended the setting times and improved compressive strength. Retardation appeared to be related to the hydration energies of the anions introduced. However, increasing the proportion of these alternative admixtures resulted in a decline in compressive strength. Both anions hindered geopolymerisation and impeded the quality and quantity of geopolymer products in the structure, and would affect the structural integrity of the resulting hardened geopolymer system.
